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ABSTRACT
Aims. TZ Fornacis is an evolved binary system with an orbital period of 75.7 days and a circular orbit. The two stars have similar
masses (2.045± 0.055 and 1.945± 0.027 M) but very diﬀerent radii: 8.33± 0.12 and 3.966± 0.088 R. One of its most interesting
characteristics is that while the primary rotates synchronously with the mean orbital angular velocity, the secondary is rotating 16 times
faster than this reference value. The stellar and tidal evolution of such a system was investigated in the past using some simplifications:
integration of the time scales for circularization and synchronization that are valid only for low eccentricities and small departures
from the synchronism, which are not fully valid for the case of TZ Fornacis. Another detected problem is the inconsistency between the
observed levels of circularization/synchronization and the theoretical critical times and the inferred age (the time of synchronization of
the secondary was found to be shorter than its age). The main goal of the present paper is to advance a little more in our understanding
of the stellar and tidal evolution of TZ For.
Methods. In order to improve our understanding of the tidal evolution of TZ For, we adopt new absolute dimensions and compute
specific stellar evolutionary models for the precise observed masses. We explicitly integrate the diﬀerential equations that govern the
tidal evolution (eccentricity, angular velocities and orbital period) by using these stellar models.
Results. The stellar models indicate that there are two possibilities for the position of the primary on the HR diagram: case A (primary
on the clump) and case B (primary on the first ascendent branch). The integration of the complete diﬀerential equations of tidal
evolution was crucial to shed some light on the tidal evolution of TZ For. The observed levels of circularization/synchronization are
now compatible with the inferred age and with the times of circularization/synchronization in both cases. The mentioned inconsistency
is no longer detected. In particular, we have found that the primary is synchronized with the orbital period, while the secondary is
rotating 17.6 (or 16.2) times faster depending on the selected model, which agrees well with the observations.
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1. Introduction
The scenario of tidal evolution is not perfectly clear from the
theoretical point of view because the comparison with observa-
tions presents some disagreement (see Claret & Cunha 1997, for
a brief review). Summarising, the hydrodynamical mechanism
seems to be too eﬃcient to circularize the orbits, while the pre-
dictions by the tidal torque process indicated a lower eﬃciency
than that required to fit the observations. In spite of these prob-
lems the tidal evolution theories can be used to infer interesting
features of double star systems. If the system in question has a
good determination of its relevant astrophysical parameters and
presents similar masses, it becomes a very important tool to test
the stellar and tidal evolution theories. Both components evolve
very similarly during the main-sequence, and small diﬀerences
in radii and eﬀective temperatures can be detected observation-
ally. However, in the fastest stages of the evolution, significant
changes in the astrophysical parameters – mainly radii – are ex-
pected to occur. These changes do not only aﬀect the diﬀerential
stellar evolution, but also the tidal evolution and in consequence,
the dynamics of the system.
Of particular importance within this context is that we
have evolved systems presenting circular orbits but with asyn-
chronous components. About 15 years ago we have investi-
gated the case of TZ For (Claret & Giménez 1995). The ab-
solute dimensions of that system were recently published by
Torres et al. (2010) and they are based on the paper by Andersen
et al. (1991). The masses of the primary and the secondary are
similar (2.045± 0.055 and 1.945± 0.027 M), but the radii are
very diﬀerent: 8.33± 0.12 and 3.966± 0.088 R. The orbital pe-
riod is 75.7 days. The primary star is rotating synchronously with
the orbital period, but the secondary rotates about 16 times faster
than the synchronous value. The asynchronysm of the secondary
component could be explained in the mentioned paper by signif-
icant changes in the moment of inertia during a short time inter-
val (Claret & Giménez 1995). However, there are two points in
that paper that require some revision. First, we have integrated
the time scales for circularization and synchronization, which
are valid only for low eccentricities and small departures from
the synchronism (for the definition of tcir and tsync12 see for ex-
ample Claret & Giménez 1995; Claret & Cunha 1997). While
the first condition can be considered as marginally acceptable
at least for the present but not necessarily in the past, the sec-
ond one is clearly in contradiction with the asynchronism of the
secondary. Second, the critical times for circularization and syn-
chronization we have found were not fully compatible with the
observations although they are on the same order of the evolu-
tionary age (log t = 9.11). The critical time for circularization
(log tcir = 9.05) is compatible with the observed eccentricity and
age. The same holds for the primary, which is synchronized at
log tsync1 = 9.00. However, for the secondary the situation is dif-
ferent. Indeed, given the observed level of synchronization of the
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secondary, its critical time for synchronism (log tsync2 = 9.03) is
not consistent with the inferred age.
The principal goal of the present paper is to try to advance
a little more in the understanding of the stellar and tidal evo-
lution of TZ For. To do that, we adopt the revised absolute di-
mensions and compute specific stellar evolutionary models and
integrate explicitly the diﬀerential equations that govern the tidal
evolution (eccentricity, angular velocities and orbital period). In
Sect. 2 we describe the stellar models and present the tidal evo-
lution equations. Then we apply the computations to the case of
TZ For and finally we present our results and conclusions.
2. Stellar models for TZ For and the equations
of the tidal evolution
The stellar models were generated with the Granada evolution-
ary code by Claret (2004). We considered core overshooting de-
scribed as an extra mixing beyond the classical Schwarzschild
criterion. For the excess distance we use dover = αovHp, where
Hp is the pressure scale height taken at the edge of the convec-
tive core as given by Schwarzschild’s criterion and αov is a free
parameter. The dependence of αov with stellar mass was con-
sidered following the results by Claret (2007). For models with
convective envelopes, we adopted the mixing-length theory to
describe them, with α = 1.68, as calibrated using the Sun.
For high temperatures the code uses the set of tables pro-
vided by Iglesias & Rogers (1996), completed with the compu-
tations by Alexander & Ferguson (1994) for lower temperatures.
Mass loss was considered during the Main-Sequence and for red
giants. Given the evolutionary status and the masses of TZ For,
the formalism by Nieuwenhuijzen & de Jager (1990) was con-
sidered for all models, and for the red giants stage we adopted
the formalism by Reimers (1977).
There are several attempts to fit the astrophysical parameters
of TZ For. For example, Lastennet & Valls-Gabaud (2002) used
other stellar evolution codes, but they were unable to reproduce
the astrophysical parameters of TZ For at the same isochrone.
Similar results were obtained by other authors (Young & Arnett
2005; VandenBerg et al. 2006). We obtain an acceptable fit with
the primary in the clump by assuming (X, Z) = (0.016, 0.72).
However, as in the case of the mentioned attempts, the error bars
in the inferred age are relatively large and we do not consider
these models here. Such a diﬃculty – to reproduce the observed
parameters for TZ For – may be related to deficiencies in stel-
lar modeling in the later phases of evolution. Another deficiency
may be related to the absolute eﬀective temperatures. These pa-
rameters are highly dependent on calibration, distance and mod-
els of stellar atmospheres. In order to avoid possible compli-
cations with the eﬀective temperature calibrations we use the
R-log (age) plane. We have considered two possibilities for the
position of the primary on the HR diagram. In the first one we
consider the primary in the helium-burning phase (Fig. 1) (see
also Claret & Giménez 1995; Lastennet & Valls-Gabaud 2002).
The adopted chemical composition was (X, Z) = (0.730, 0.010)
and αov = 0.20. This chemical composition has an additional
point of uncertainty because of the discussion about the value
of the metallicity of the Sun (Basu 2008). The vertical lines in
Fig. 1 denote the ages of each component and an average com-
mon age of log t = 9.034+0.004−0.010 is obtained. When the error bars
in the observed masses are considered, the error bars in the age
increase and the result is log t = 9.034+0.025−0.030. In the second solu-
tion, the primary is on the first ascendent branch (see also Young
& Arnett 2005; and VandenBerg et al. 2006). A common age of
Fig. 1. Radius evolution of TZ For (the continuous line represents the
primary and the dashed one the secondary). The radius is in solar units,
while the time is given in years. The horizontal lines denote the ob-
served radii and their error bars. The vertical dashed lines mark the
inferred ages of each component of the system. Case A.
log t = 9.150+0.030−0.030 was found for (X, Z) = (0.706, 0.018) and
αov = 0.50, a value already found in Claret (2007). The more
probable likely case is case A because the primary is in a rel-
atively slow phase, while in case B such a star is evolving very
rapidly and therefore it is less probable under the statistical point
of view.
The diﬀerential equations for the tidal evolution in the weak
friction model can be written as (Hut 1981; see also Eggleton &
Kiseleva-Eggleton 2002)
de
dt = −
27k21
tF1
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(R1
A
)8 e
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×
(
f3 − 11/18
(
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where e is the orbital eccentricity, A is the semimajor axis, Ωi
is the angular velocity of the component i, ω is the mean orbital
angular velocity, βi is the radius of gyration of the component i,
k2i is the apsidal motion constant of the component i, Ri is the
radius of the component i, q = M2/M1, q2 = M1/M2 and tF is an
estimate on the timescale of tidal friction and it is given by
tF = (MR2/L)1/3. (5)
The auxiliary functions fk can be written as
f1 = 1 + 312 e
2 +
255
8 e
4 +
185
16 e
6 +
25
64e
8 (6)
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f2 = 1 + 152 e
2 +
45
8 e
4 +
5
16e
6 (7)
f3 = 1 + 154 e
2 +
15
8 e
4 +
5
64e
6 (8)
f4 = 1 + 32e
2 +
1
8e
4 (9)
f5 = 1 + 3e2 + 38e
4. (10)
In order to compute the theoretical internal structure constants
k j necessary to integrate above the tidal evolution equations, we
integrated the described models using the diﬀerential equations
of Radau as given by
adη j
da +
6ρ(a)
ρ(a) (η j+1) + η j(η j−1) = j( j + 1), j = 2, 3, 4 (11)
where
η ≡ a
 j
d j
da (12)
and a is the mean radius of the configuration ,  j is a measure
of the deviation from sphericity, ρ(a) is the mass density at the
distance a from the center, and ρ(a) is the mean mass density
within a sphere of radius a. The k j is computed following the
equation
k j =
j + 1 − η j(R)
2
(
j + η j(R)
) , (13)
where R refers the values of η j at the star’s surface.
To integrate the above diﬀerential equations we have used
the Runge-Kutta fourth order method. The values of the stellar
parameters shown in Eqs. (1)–(4) were inferred directly from the
respective evolutionary tracks.
3. Discussion of the results and concluding
remarks
As we have seen in the previous section, there are two accept-
able fittings for TZ For: one with a primary in the clump, dur-
ing the helium-burning phase (case A) and another one position-
ing the primary in the first ascendent branch (case B). The dif-
ferential Eqs. (1)–(4) can be integrated by using these models
if we know the initial conditions. Unfortunately this is not the
case. However, we can introduce some trial values for the eccen-
tricity, orbital period and angular velocities and investigate how
these parameters evolve with time and compare them with the
observed levels of circularization and synchronism. This pro-
cedure can provide a possible and satisfactory scenario for the
tidal evolution of TZ For. We have performed several tests by
introducing initial trial values of the eccentricity and angular ve-
locities. The resulting times for circularization are not strongly
dependent on the initial eccentricities, but the initial rotational
velocities are critical to obtain the correct values of the angular
rotation for both components at the inferred age.
For case A, we begin with an initial period of 77 days, an
initial eccentricity of 0.3 and assume that both components ro-
tate initially 20 faster than the mean orbital angular velocity. The
initial value for the relative radius of the primary is on the order
of 0.01. This parameter achieves the value 0.24 for more evolved
phases when the tidal forces are more eﬀective. The actual value
Fig. 2. Eccentricity evolution of TZ For. The dashed line indicates the
mean age for the system. Case A.
Fig. 3. Angular velocity evolution of TZ For. These parameters are nor-
malized to the mean angular orbital velocity. The continuous line repre-
sents the primary and the dashed one the secondary. The dashed vertical
line indicates the mean age for the system. Case A.
of the relative radius of the primary is ≈0.07. The results of the
integrations of the tidal equations are shown in Fig. 2 (eccen-
tricity) and Fig. 3 (angular velocities). The vertical dashed line
indicates the mean inferred age. The circularization is achieved
very quickly when the relative radius of the primary is 0.238.
The critical time for circularization is log tcir = 8.991 and is per-
fectly consistent with the derived age for TZ For (log t = 9.034)
and with the observed level of circularization. Note that imme-
diatly before the system circularizes the orbit, there is a small in-
crease in the eccentricity. This is because of the nature of Eq. (1),
which governs the eccentricity evolution: depending on the val-
ues of the ratio Ω
ω
we have de/dt > 0. An interesting feature
of the normalized angular velocities can be seen in Fig. 3. The
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synchronism for the primary is achieved more or less at the same
time as for circularization (log tsync1 = 8.990) and reproduces
very well the observed level of synchronism of the primary at the
inferred age. Concerning the secondary, the dashed line shows
the evolution of its angular velocity. At the derived age the mod-
els predict that the secondary rotates around 17.6 times faster
than the mean orbital angular velocity, which agrees well with
the observed value (16 times). Note that using the explicit dif-
ferential equations of tidal evolution the inconsistency pointed
out in the Introduction is solved because all three critical times
are compatible with the inferred age and the synchronism of the
secondary is only achieved at log t around 9.05.
The tidal evolution in case B is not so diﬀerent from case A.
We have used the same initial parameters as previously. As in-
dicated before, the inferred age is 9.150 and the circularization
is achieved at log t = 9.143, which is compatible with the circu-
lar orbit of TZ For at the present. On the other hand, the pri-
mary should synchronize with the orbital period at about the
same time. The evolution of the angular velocity of the sec-
ondary is similar to the case A, and at the inferred age, we have
Ω1 = 16.2ω, also in very good agreement with the observations.
Again the quoted inconsistency between the critical times and
age is not detected.
It is remarkable that independently of the evolutionary sta-
tus of the primary considered (case A or B) the agreement of
the observed eccentricity and levels of synchronization of both
components with the theoretical predictions is good. Note also
that this improvement with respect to the Claret & Giménez
(1995) paper is mainly due to the explicit integration of the tidal
evolution equations, instead of integrating the timescales. In or-
der to check the capability of our method, we have performed
the same calculations of tidal evolution for the models with
(X, Z) = (0.016, 0.72). The results are very similar to cases A
and B – except that the inherent error bars are larger – and the
inconsistency mentioned in the Introduction was not detected.
In spite of the good agreement found between the levels of
circularization/synchronization and the inferred ages of TZ For,
there is still a limitation in our analysis: the estimate of the
timescale of tidal friction. In the present paper we have adopted
the value tF = (MR2/L)1/3 which is only a rough approxima-
tion for the tidal friction. A more detailed treatment of tF is per-
formed by Eggleton et al. (1998), who give the main ingredients
to compute the tidal friction timescale as weighted functions in-
side each star. These calculations are beyond the scope of the
present paper but we hope to present them in a the near future
by using TZ For, α Aur and other evolved systems with circular
orbits but with asynchronous components.
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